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We propose the use of a small unmanned aerial vehicle (UAV) equipped with
temperature, pressure, and relative humidity sensors to estimate sensible and latent heat
fluxes over an active agricultural area in east-central Mississippi. The Bowen ratio
method is applied to vertical soundings from the surface to 120 meters at 10-meter
intervals. A number of flights were conducted at Mississippi State University during the
late stages of the growing season with the purpose of obtaining heat flux estimates over
different land surface/cover types. Results show that the UAV platform is able to provide
reasonable heat and moisture flux estimates, and that the fluxes show substantial
variability among different land cover types over a small spatial scale. Future work must
be done to quantify the diurnal and seasonal changes in heat flux estimates over various
crop types and investigate flight plans and sensor mounting options to maximize sensor
precision.
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CHAPTER I
INTRODUCTION
1.1

Land surface-atmosphere interactions
Agricultural land covers 10.8 million acres of Mississippi and generates

approximately 7.6 billion dollars annually for the state (Mississippi Department of
Agriculture and Commerce, 2018). In order for agricultural crops to thrive, a source of
water, usually precipitation, is required. Surface heat fluxes, which are critical
components of the Earth’s surface energy budget, play a vital role in generating localized
precipitation by transferring heat and moisture from the surface upward through
convective processes. The magnitudes of the heat fluxes determine how much energy is
transferred vertically and thus the potential for cloud formation and rainfall. Temperature
gradients between the surface and the atmosphere drive the sensible heat fluxes, and
moisture gradients between the surface and the atmosphere drive the latent heat fluxes
(Roberts et al. 2012); therefore, the heat fluxes undergo diurnal and seasonal changes.
Additionally, Basara and Crawford (2002) found that the magnitudes of these heat fluxes
could vary due to variability in land surface characteristics such as soil moisture, such
that soil moisture was linearly related to parameters in the PBL such as the surface heat
fluxes and temperature. Wet soils contribute to an increase in latent heat fluxes
(Philippon and Fontaine 2002), which results in convective instability and precipitation
generation (Schar et al. 1999). Williams and Torn (2015), however, argue that vegetation
1

coverage/type is better correlated with the heat fluxes than soil moisture. They found that
leaf area index (i.e. ratio of one-sided leaf area to ground surface area) was more strongly
correlated with evaporative fraction, which is a ratio of latent heat flux to the sum of the
latent and sensible heat fluxes, compared to soil moisture because higher leaf area indices
indicate higher photosynthesis rates and transpiration rates, thus a higher evaporative
fraction. McPherson (2007) states that quantity, type, and condition of vegetation
coverage influence the energy exchange between the surface and atmosphere through
transpiration, which regulates the latent heat flux. Therefore, an increase in transpiration
will enhance the magnitude of the latent heat flux, which could provide energy needed
for convective cloud and rainfall formation, thus improving agricultural productivity.
As previously mentioned, the magnitudes of the heat fluxes describe how much
energy is transferred vertically, which determines the potential and amount of rainfall. If
the magnitudes in the heat fluxes differ spatially due to vegetation cover/type, convection
could initiate (Chang and Wetzel 1991; Mahfouf et al. 1987; Segal et al. 1998). Brown
and Arnold (1998) linked differences in soil and vegetation to convection particularly
around boundaries between different land-cover types, such that differential heating
occurs because of surface heterogeneity. This difference in heating results in a local-scale
horizontal temperature and pressure gradient leading to the generation of mesoscale
circulations, which can influence thunderstorm activity (Roy and Avissar 2002). Dyer
(2011) conducted a case study in the Mississippi Delta region and found that convection
occurred near the boundary between agricultural land and forested land. This study noted
that differential heating occurred between the different surfaces, which allowed

2

convection to initiate. Moisture advection and heat fluxes helped enhance the convection
leading to precipitation near the eastern edge of the Mississippi Delta.
A useful quantity that can be used to describe sensible and latent heat fluxes in the
boundary layer is the Bowen ratio, which is defined as a ratio of the sensible heat flux to
the latent heat flux. Hantel and Steinheimer (2006) quantified the Bowen ratio in the
boundary layer and found that the Bowen ratio is typically the largest at the surface
(upward flux) and becomes more negative with height. This is an important quantity to
measure because it can be used as an indicator of surface vegetation stress and condition
(McPherson 2007) as well as potential for deep convection (Segal et al. 1995).
1.2

The use of UAVs in meteorological research
In the past, unmanned aerial vehicles (UAV) were primarily used for military

operations, but have become useful in atmospheric research throughout the world. The
idea of using a small remote-controlled aircraft for research began in the late 1960s when
Konrad et al. (1970) used a small aircraft to sample atmospheric properties. The project
was meant to persuade other scientists to use a small aircraft because of its costeffectiveness, simple design, and its ability to obtain measurements above the surface. In
the early 1990s, Holland et al. (1992) developed the Aerosonde, which was a small UAV
that could obtain atmospheric soundings just like a radiosonde. The Aerosonde was
designed to measure atmospheric quantities in remote regions of Earth, or places where
surface observations are limited (e.g. over an ocean). Although UAVs were never meant
to replace instruments such as the weather balloon, they were tested to compare their
performance to traditional weather instruments. Soddell et al. (2004) compared UAV
observations to radiosonde data from a weather balloon in East Sale, Australia. Although
3

they found that the UAV performed well, time lag and calibration errors led to variations
in temperature, relative humidity, and wind differences between the UAV and
radiosonde. Cook et al. (2012) conducted a similar experiment along a coastline near
Auckland, New Zealand and found similar results. Their UAV observations exhibited a
high temperature and low humidity bias. The authors also had the issue of the balloon
traveling faster than the UAV, leading to time lag.
Heat fluxes are commonly estimated using eddy covariance towers, which
measure temperature, wind speed, vertical velocity, and relative humidity. From those
measurements, the heat fluxes are estimated by taking the covariance of vertical velocity
and the quantity of interest (Siedlecki et al. 2016). Although it is commonly used, this
method has limitations. Kanda et al. (2004) notes that heat fluxes are underestimated
using eddy covariance technique, because the fluxes are calculated based on a single
point measurement. Baldocchi (2004) states that gaps in data collection occur when
sensors break down or have to be calibrated. Instead of using the eddy covariance
method, this project will use UAVs to estimate the surface heat fluxes. The advantage of
using UAVs over eddy covariance is that UAVs have the ability to fly horizontally and
vertically, which results in more than just a single point measurement. Additionally,
UAVs can obtain measurements at elevations well above the vertical range of a standard
10-meter eddy covariance tower. Consequently, UAVs can provide measurements
necessary to estimate heat fluxes spatially, vertically, and temporally. A few studies that
have estimated heat fluxes using UAVs were conducted in climate zones that contain
different land (or sea) surfaces. Bonin et al. (2012) used UAVs to observe the early
evening boundary layer transition in Norman, Oklahoma. The authors used UAV
4

observations to estimate potential temperature, specific humidity, sensible heat flux, and
latent heat flux at different times during the transition. They were able to identify the
vertical extent of the boundary layer affected by the transition and flow regions based on
the sensible and latent heat fluxes. Knuth and Cassano (2014) used UAVs to estimate
heat fluxes in Antarctica and found a larger range in the sensible heat flux compared to
the latent heat flux. While estimating these fluxes, the authors noticed that both of the
heat fluxes were sensitive to the depth of the boundary layer, which was different each of
their flight days.
The objective of this study is to investigate the effects of different land surfaces
on vertical sensible and latent heat fluxes over an agricultural area in eastern Mississippi
using a small UAV. Because this region and the state rely on agriculture, it is important
to understand how local surface characteristics related to agriculture (i.e., vegetation
type/density) affects the atmosphere to potentially improve weather diagnostics and
prediction over these areas. The results provide information regarding changes in the
surface energy budget over agricultural areas, which will be useful in short-term
forecasting and thus helping agricultural managers make improved production and
marketing decisions.

5

CHAPTER II
DATA & METHODS
UAV flights were conducted at noon Central Daylight Time (CDT) on six
synoptically benign days during the late stages of the growing season (September –
October) at Mississippi State University’s R.R. Foil Plant Science Research Center (also
known as “North Farm”) in Starkville, Mississippi. A DJI Phantom 4 Quadcopter UAV
flew vertically near a Soil Climate Analysis Network (SCAN) site (Figure 2.1a), a
“dense” cotton field (b), a “sparse” cotton field (c), and grass (d), measuring temperature,
pressure, and relative humidity at 10-meter intervals from the surface to 120 meters. The
synoptic environment was examined using North American Mesoscale (NAM) model
analysis data in order to ensure that the chosen flight days had minimal regional forcing
from synoptic-scale disturbances. Large-scale winds could advect any local circulations
that developed as a result of surface heterogeneity (e.g. Roy and Avissar, 2002);
therefore, it was important that these flights were conducted on synoptically benign days.
Appendix A shows surface temperature and pressure, 500-hPa heights and isotachs, and
surface pressure and specific humidity for the six flight days. The model analyses showed
that the environment on each flight day was characterized as having high temperature and
humidity with calm surface winds. In addition, the 500-hPa maps showed weak upperlevel winds and no evidence of a jetstream near Starkville; therefore any large-scale
weather system that could have formed on this day would not lead to high winds and low6

level mixing over the study area. These maps justify the decision to fly on these days as
there was minimal synoptic influence in eastern Mississippi; therefore, it was expected
that low-level thermal and moisture conditions were predominantly based on surface
characteristics and not synoptic-scale forcing.

Figure 2.1

The four surfaces the UAV flew vertically over included: (a) SCAN site;
(b) dense cotton; (c) scattered cotton; and (d) grass.

The UAV was equipped with two temperature and relative humidity sensors from
Sparv Embedded, a data logger with a pressure sensor, and a GPS to record altitude,
latitude, and longitude. Figure 2.2 shows the UAV used in this study equipped with all of
7

the different sensors. The sensors recorded at a maximum temporal resolution of 10 Hz,
although viable data were generally recorded between 8 – 10 Hz. To minimize error due
to sensor lag and/or drift, all recordings were averaged to provide a single value for each
second. The temperature sensors can record between -40 – +80 °C with 0.3°C accuracy at
0.01°C resolution; the relative humidity sensors can record between 0 – 100% with 2.0%
accuracy at 0.5% resolution; the pressure sensor can record between 300 – 1100 hPa with
0.12 hPa accuracy at 0.2 hPa resolution.

GPS

Temperature/
rela/ve
humidity
sensor

Temperature/
rela/ve
humidity
sensor

Data logger
(with pressure
sensor)

Ba9ery

Figure 2.2

The UAV (DJI Phantom 4) used in this study equipped with two
temperature/relative humidity sensors, a GPS, a battery, and a data logger
with a pressure sensor.
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Each flight day typically began with the UAV taking measurements at the surface
(0 m) next to the SCAN site. The first vertical profile for most flight days was intended to
be taken near the SCAN site because the site collects data at the top of every hour;
therefore, the SCAN data could be used to verify the UAV measurements. However, the
first vertical profile was not near the SCAN site for all flight days; thus, future flight
plans should be more consistent. After approximately ten seconds of taking
measurements at the surface, the UAV ascended vertically 10 meters and paused for ten
more seconds. The UAV continued to ascend vertically, pausing every 10 meters for ten
seconds until it reached 120 meters above ground level, which was the maximum height
allowed to fly in order to comply with Federal Aviation Administration (FAA)
regulations. Then, still at 120 meters, the UAV flew horizontally towards a second
surface, which was typically the dense cotton field. In an attempt to get all profiles
completed on a single battery (~20 minutes), the profile over the second surface was done
in 10-meter descents. In other words, the UAV started at 120 meters and paused every 10
meters for ten seconds all the way down to the surface. After profiling above the second
surface, the UAV flew horizontally towards a third surface, which usually was the sparse
cotton field for another vertical profile up to 120 meters. The flight concluded with a
descent over the fourth surface, usually the grass surface, which was wet on each flight
day. The grass at this area on North Farm is associated with an ongoing experiment
external to this study; therefore it is watered regularly during the warm season so the
surface was consistently wet during each flight day.
In order to accurately estimate the heat fluxes between each 10-m level, any data
that were recorded while the UAV was moving vertically between the measurement
9

levels had to be removed so the only observations that would remain would be at each
height where the UAV was paused. The criteria for removing data was determined by
calculating the average change in the UAV’s altitude per second for each individual
sounding. If the change in altitude per second was greater than the average, then that
would indicate that the UAV was moving vertically during that time period and therefore
the data were removed. Figure 2.3 shows a flight profile before and after this quality
control process. By only analyzing data at each level, heat flux estimates can be
calculated using multiple observations at each level to enhance the accuracy of the
results.

Figure 2.3

Individual sounding over the SCAN site before quality control and after.

Before estimating the heat fluxes, vertical profiles of potential temperature and
specific humidity were produced using the temperature and relative humidity
10

observations, respectively, to diagnose lower atmospheric conditions. Potential
temperature was calculated using Poisson’s equation,
!

𝜃 = 𝑇(! )! ,

(2.1)

!

where T is the temperature value (in Kelvin) at a specific height, p is the measured
pressure (in Pascals) at that height, p0 is the reference pressure near the surface (100,000
Pa), and k is the ratio of the dry air gas constant (287 J kg-1 K-1) to the specific heat of air
at constant pressure (1004 J kg-1 K-1). Specific humidity, q, was calculated using the
following equation, which is based on the Clausius-Clapeyron equation,
𝑞=

!"
!.!"#∗!

∗ [exp

!".!" !!!!
!!!".!"

],

(2.2)

where RH represents the measured relative humidity at a certain height, p is the pressure
(in Pascals) at that height, T is the temperature (in Kelvin) at that height, and T0 is the
reference temperature (273 K). Once θ and q were calculated, both quantities were
plotted with height as box-and-whisker plots for all individual soundings. The boxplots
helped quantify changes in median potential temperature and specific humidity with
height as well as changes in variability with height. In addition, the boxplots show
outliers that could influence the heat flux estimates.
The measurements from the UAV were used to calculate sensible and latent heat
fluxes via Eq. 2.3 and Eq. 2.4 (Markowski and Richardson 2010):
𝑄! = 𝜌𝑐! 𝑤 ! 𝜃 !

(2.3)

𝑄! = 𝜌𝐿! 𝑤 ! 𝑞!

(2.4)

where Qs is sensible heat flux, QL is latent heat flux, w is the vertical velocity, θ is
potential temperature, q is specific humidity, cp is specific heat at constant pressure, Lv is
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the latent heat of vaporization, and ρ is the atmospheric density. Unfortunately, the
sensors on the UAV were unable to measure wind speed; thus, it was not possible to
quantify w. However, the Bowen ratio method (Stull 1988) made it possible to estimate
heat fluxes by eliminating w. The Bowen ratio, β, is represented as:
𝛽=

!!
!!

=

!!! !∆!
!!! !∆!

=

!! ∆!
!! ∆!

.

(2.5)

This method makes estimating the heat fluxes straightforward as potential temperature
and specific humidity were the only measured quantities required. Lv and cp were
assumed to vary little with height over 120 meters due to the small change in
temperature; therefore, both terms were treated as constants (cp = 1004 J kg-1 K-1; Lv =
2.5x106 J kg-1). The ∆𝜃 and ∆𝑞 terms represent the change in potential temperature and
specific humidity, respectively, between each layer at which the UAV was paused. These
differences were computed by subtracting the median of each quantity of the lower layer
from the median of the upper layer. For example, the heat flux between the surface and
10 meters above ground level was dependent on the difference between median potential
temperature and specific humidity at 10 meters and at the surface. This process was
repeated for each 10-m layer yielding twelve Bowen ratio estimates for each sounding.
The twelve Bowen ratio estimates over each surface were plotted with height along with
dashed vertical lines at -1 and 1. A Bowen ratio value less than -1 or greater than 1
indicated that the sensible heat flux is larger than the latent heat flux, while a value
between -1 and 1 indicated a higher latent heat flux.
Finally, a bootstrap analysis was applied to the median of both the potential
temperature and specific humidity measurements at each layer using 1000 replicates with
replacement. The bootstrap analysis was used to make inferences about the true potential
12

temperature and specific humidity at each height by resampling the UAV measurements
at those heights. Since the number of measurements in the profile was limited due to the
measurement frequency and how long the UAV was paused at each level, the bootstrap
analysis normalized the data. The utilization of the bootstrap helped determine
statistically significant differences in potential temperature and specific humidity
between the grass profile and the other three surfaces’ profiles. This was done by
producing 95% confidence intervals of potential temperature and specific humidity at
each height over the grass surface (the control surface). The 50th percentile of potential
temperature and specific humidity at each height over grass was subtracted from the 50th
percentile of both quantities over the SCAN site, dense cotton, and sparse cotton fields at
each height, which resulted in potential temperature and specific humidity anomalies
relative to the grass surface. Since the goal of this research is to find statistically
significant anomalies in potential temperature and specific humidity between the various
test surfaces, the 95% confidence intervals for the grass profiles had to be centered at 0.

13

CHAPTER III
RESULTS & DISCUSSION
3.1

Verifying the UAV measurements
Since the first vertical sounding for each flight day was near the SCAN site, the

12:00 CDT observations from the SCAN site (Table 3.1) were compared with the UAV
data from each SCAN site profile at 0 m. For each flight day, mean absolute error (MAE)
and root mean square error (RMSE) were calculated for both the air temperature and
relative humidity measurements taken at the surface (Table 3.2). The MAE for air
temperature measurements for the six flight days ranged from 0.61 – 2.35° C and the
RMSE ranged from 0.68 – 2.36° C. The MAE for relative humidity measurements for the
six flight days ranged from 2.0 – 7.6% and the RMSE ranged from 2.3 – 7.8%. The
largest error in air temperature was 2.35° C during the September 20 flight and the largest
error in relative humidity was 7.6% during the September 2 flight. The smallest error in
air temperature was 0.61° C during the September 2 flight and the smallest error in
relative humidity was 2.0% during the September 20 flight.

14

Table 3.1

12:00 CDT SCAN site observations of air temperature (in degrees Celsius)
and relative humidity (%).

Date (YYYY-MM-DD)
2018-09-02
2018-09-04
2018-09-13
2018-09-18
2018-09-20
2018-10-04

Table 3.2

Air Temperature (°C)
30.9
31.9
31.5
32.8
33.1
30.4

Relative Humidity (%)
64.0
56.0
65.0
46.0
49.0
58.0

Mean absolute error (MAE) and root mean square error (RMSE) for air
temperature and relative humidity measurements between the sensors on
the UAV and the SCAN site (at 0 m) during all flight days.
MAE

Date (YYYYMM-DD)

N

2018-09-02
2018-09-04
2018-09-13
2018-09-18
2018-09-20
2018-10-04

12
7
10
13
10
11

Air
Temperature
(°C)
0.61
2.16
1.20
0.69
2.35
2.01

RMSE
Relative
Humidity
(%)
7.6
4.1
5.1
2.9
2.0
3.5

Air
Temperature
(°C)
0.68
2.16
1.22
0.82
2.36
2.01

Relative
Humidity
(%)
7.8
4.1
5.5
3.5
2.3
3.5

The UAV measurements at 0 m were used to compare with the SCAN site
measurements; however, the calculated errors may have been reduced if the UAV
measurements at 10 m were used to compare to the SCAN site measurements. Air
temperature and relative humidity variability is highest at 0 m (discussed in the next
section), which makes it difficult to obtain precise point measurements. In addition, the
SCAN site’s temperature and relative humidity sensors are at 2 m above ground level;
15

therefore, measurements would likely have been more accurate had the UAV sounding
began at that same height. Although the calculated errors could have been reduced, they
are still reasonable since the MAE for temperature and relative humidity during each
flight was positive, indicating that the UAV measurements exhibited a consistent high
temperature and high relative humidity bias for each flight day. This was expected as the
temperature and relative humidity sensors were covered by a small cardboard tube
wrapped in a thin layer of aluminum foil for radiation shielding, which was likely not
100% effective. Despite these biases, since the MAE and RMSE between the SCAN and
UAV measurements for each flight day were relatively small, the data from the UAV
were considered valid and allowed for further analysis. However, future work is needed
to more effectively quantify the influence of sensor mounting methods on measurement
accuracy.
3.2

Vertical profiles of potential temperature and specific humidity
Vertical profiles of potential temperature and specific humidity over the four

surfaces were represented as box-and-whisker plots at 10-m height intervals from 0 – 120
m above ground level. All of the flight days featured an overall logarithmic decrease in
potential temperature over all four surfaces (Fig. 3.1 – 3.6), indicating that the lower
atmospheric boundary layer was statically unstable during each flight (Stull 2017). In
most of the profiles, the potential temperature lapse rates above 0 m were small (nearly
adiabatic), which indicates the presence of the mixed layer at those heights. The static
instability of the lower boundary layer would indicate that a rising air parcel would
continue to rise vertically instead of returning to its original position. In addition, an
unstable boundary layer would allow for vertical transport of heat and moisture from the
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surface through the boundary layer until it reaches the capping inversion. Unstable
regions in the boundary layer are turbulent (Stull 2017), which causes an upward flux of
heat from the surface to the atmosphere (Geernaert 2003). The amount of energy that
travels through the boundary layer can change as it moves vertically depending on the
magnitude of the surface fluxes; therefore, it was important to quantify the differences in
potential temperature and specific humidity between each height, which resulted in the
estimation of sensible and latent heat fluxes.

Figure 3.1

Potential temperature profiles on September 2, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.
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Figure 3.2

Potential temperature profiles on September 4, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.

Figure 3.3

Potential temperature profiles on September 13, 2018 over SCAN site,
grass, dense cotton, and sparse cotton.
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Figure 3.4

Potential temperature profiles on September 18, 2018 over SCAN site,
grass, dense cotton, and sparse cotton.

Figure 3.5

Potential temperature profiles on September 20, 2018 over SCAN site,
grass, dense cotton, and sparse cotton.
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Figure 3.6

Potential temperature profiles on October 4, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.

Although most potential temperature lapse rates were small, there were
substantially large lapse rates between the surface and 10 m over all of the surfaces. This
was expected since the lowest level of air is in contact with the Earth’s surface; therefore,
heat is transferred between the surface and the adjacent air via conduction. Air is a poor
conductor of heat so it seems logical that the temperature even a few meters above the
surface is much lower due to the lack of conductive heat transfer. The average potential
temperature lapse rates above 10 m were small, which showed the presence of the mixed
layer, although there were a few inversions present in some of the profiles. This was
interesting to find since the potential temperature lapse rate above 10 m was expected to
be uniform (i.e. the mixed layer) due to vigorous mixing at these heights.
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The specific humidity profiles (Fig. 3.7 – 3.12), like the potential temperature
profiles, showed that moisture decreased logarithmically overall with height with the
largest decrease between 0 – 10 m, which is also considered typical in an unstable
boundary layer (Stull 2017). Specific humidity was also expected to be the highest at the
surface due to a combination of evaporation from the ground surface and transpiration
from the surface vegetation. As the surface heats up throughout the day, moisture from
the surface evaporates and is transferred upwards into the air, which contributes to higher
specific humidity measurements at 0 m. In addition, incoming solar radiation acts to heat
up vegetation causing stomata on leaves to open, which enhances water transfer between
the plant and air. Like potential temperature, specific humidity lapse rates above 0 m
were small, which indicates the existence of the mixed layer. The changes in potential
temperature and specific humidity between 0 – 10 m show that vegetation contributes to a
warmer, moister surface layer via sensible and latent heat exchange.
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Figure 3.7

Specific humidity profiles on September 2, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.

Figure 3.8

Specific humidity profiles on September 4, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.
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Figure 3.9

Specific humidity profiles on September 13, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.

Figure 3.10

Specific humidity profiles on September 18, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.
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Figure 3.11

Specific humidity profiles on September 20, 2018 over SCAN site, grass,
dense cotton, and sparse cotton.

Figure 3.12

Specific humidity profiles on October 4, 2018 over SCAN site, grass, dense
cotton, and sparse cotton.
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The interaction between the land surface and the air also impacted the variability
of potential temperature and specific humidity. The variability in both quantities was
largest at 0 m due to contact with the surface and minimally changed above 10 m since
those levels are not in contact with the surface. Sir et al. (2014) found that transpiration
was an influence in temperature variability and that variability decreased with height,
which was the case in all of this study’s potential temperature profiles as well as the
specific humidity profiles.
An error that can occur when measuring atmospheric quantities is sensor drift and
it is evident in the profiles. In the potential temperature and specific humidity profiles,
there were a number of boxplots above 0 m that exhibited a left or right skew in the
median. When the UAV initially pauses at a height, the sensor may still record an
observation from the previous height the UAV was paused or at a height where the UAV
was ascending or descending. An observation from a height above or below where the
UAV is paused would likely contain different air temperature and relative humidity
measurements especially when the UAV was moving vertically between 0 – 10 m since
the largest differences in both quantities are between these heights.
3.3

Differences in measurements between the four surfaces
An analysis of the differences in average potential temperature and specific

humidity between grass and the other three surfaces was done utilizing a bootstrap
analysis applied to both the median of the potential temperature and median of the
specific humidity data using 1000 replicates with replacement. Grass was treated as the
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control surface since it was the most consistent land use type over all the flights (it was
watered and maintained regularly). The analysis was performed on the data at each 10 m
flight level from the surface to 120 m over the four surfaces. Then, the 50th percentiles of
the potential temperature and specific humidity at each height for the grass soundings
were subtracted from the 50th percentiles of both quantities over the SCAN site, dense
cotton, and sparse cotton soundings to yield potential temperature and specific humidity
anomalies relative to the grass surface. The anomalies were plotted every 10 m from 0 –
120 m to determine the differences (using 95% confidence intervals to denote significant
differences) between grass and the other three surfaces. The potential temperature
differences are shown in Fig. 3.13 – 3.18 and the specific humidity differences are shown
in Fig. 3.19 – 3.24.
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Figure 3.13

Potential temperature differences between grass and the other three
surfaces on September 2.

Figure 3.14

Potential temperature differences between grass and the other three
surfaces on September 4.
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Figure 3.15

Potential temperature differences between grass and the other three
surfaces on September 13.

Figure 3.16

Potential temperature differences between grass and the other three
surfaces on September 18.

28

Figure 3.17

Potential temperature differences between grass and the other three
surfaces on September 20.

Figure 3.18

Potential temperature differences between grass and the other three
surfaces on October 4.
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Figure 3.19

Specific humidity differences between grass and the other three surfaces on
September 2.

Figure 3.20

Specific humidity differences between grass and the other three surfaces on
September 4.

30

Figure 3.21

Specific humidity differences between grass and the other three surfaces on
September 13.

Figure 3.22

Specific humidity differences between grass and the other three surfaces on
September 18.
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Figure 3.23

Specific humidity differences between grass and the other three surfaces on
September 20.

Figure 3.24

Specific humidity differences between grass and the other three surfaces on
October 4.
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For all flight days except September 18, the potential temperature measurements
over the sparse cotton field at 0 m were significantly higher (p < 0.05) than those over the
grass surface. The specific humidity measurements over the sparse cotton field at 0 m
were significantly different (p < 0.05) from grass on four of the flight days with two of
those days being significantly higher. The potential temperature measurements at 0 m
over the dense cotton field were significantly different (p < 0.05) from grass five out of
the six days with three of the five being significantly higher. The specific humidity
measurements at 0 m over the dense cotton field were significantly different (p < 0.05)
from grass two of the flight days with both being significantly lower. The potential
temperature measurements at 0 m over the SCAN site were significantly different (p <
0.05) from grass for five of the six flight days with three of the days being significantly
warmer. The specific humidity measurements at 0 m near the SCAN site were
significantly different from grass for four of the six flight days with three of the days
being significantly lower. These results are likely due to the smaller coverage of
vegetation in the sparse and dense cotton fields compared to the grass surface. Vegetation
coverage and surface temperature have been found to be negatively correlated whereas
vegetation coverage and surface moisture have been found to be positively correlated
(Prochazka et al. 2011); therefore, more vegetation coverage leads to lower surface
temperatures and higher surface moisture, which appears to be the case when comparing
the grass surface to both of the cotton fields. This is logical since the more vegetation
there is, the more water is being transpired to the adjacent air, which leads to
environmental cooling. In addition, the grass in the study area is watered and maintained
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regularly; thus, the grass surface has a consistent supply of water. The grass near the
SCAN site is not regularly watered and maintained compared to the grass control surface;
thus, the grass surface is greener than the SCAN site surface (Figure 2.1a; 2.1d). The
consistent supply of water suggests that more evaporation is taking place over the grass
surface compared to the SCAN site; therefore, the air over the grass is cooler. In addition,
if more evaporation is taking place, then more moisture is being transferred to the air
above the surface, resulting in higher specific humidity measurements. This also suggests
that the wet grass exchanged more latent heat compared to the cotton plants and grass
around the SCAN site, which is reasonable given the consistent watering of the grasscovered area.
In addition to the significant differences (p < 0.05) at 0 m, there were a number of
significant differences (p < 0.05) in potential temperature and specific humidity above 0
m between grass and the other surfaces. This is likely due to variability in vertical
sensible and latent heat fluxes caused by the differences in vegetation coverage on each
surface. Since more vegetation coverage results in increased transpiration, the latent heat
flux increases whereas the sensible heat flux decreases; therefore, potential temperature
and specific humidity measurements above each surface should be different. Smith et al.
(1994) had also found that vegetation density altered the surface heat fluxes across a tall
grass prairie. The authors noticed that the quadrant that had more dense vegetation was
characterized by higher latent heat fluxes and lower sensible heat fluxes compared to the
quadrant with less vegetation. Based on these conclusions, the potential temperature
(specific humidity) measurements above 0 m should be higher (lower) over the cotton
fields and the SCAN site compared to the grass, which is generally the case. Most of the
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potential temperature measurements above 0 m over the cotton fields and SCAN site
were significantly (p < 0.05) higher than the grass and most of the specific humidity
measurements above 0 m were significantly (p < 0.05) lower than grass; however, there
still were a number of potential temperature (specific humidity) measurements that were
significantly (p < 0.05) lower (higher) than grass. This is likely a result of boundary layer
mixing due to stronger winds above the surface. Although wind speed could not be
quantified with the UAV and the NAM analysis showed synoptically benign conditions,
the 12 PM CDT wind observations from the SCAN site show that horizontal surface
winds ranged from approximately 2.2 – 7.6 meters per second (ms-1) throughout the six
flight days. Wind speeds above 0 m were likely higher than what the SCAN site recorded
since wind speed increases with altitude due to reduced friction from the surface. Since
each surface type was adjacent to each other, turbulence caused by an increase in
environmental winds may have mixed air over multiple surface types causing the
potential temperature and specific humidity measurements to be different from what was
expected. For example, the SCAN site recorded surface wind speeds approximately 4.5
ms-1 or greater four of the flight days, all of which featured a combination of significantly
high and low potential temperature and specific humidity measurements at different
heights. The two remaining flight days, when the SCAN site recorded wind speeds of
approximately 2.2 ms-1, featured either consistent significantly lower or higher potential
temperature and specific humidity measurements. In addition, the downward propeller
wash from the UAV generated small-scale turbulence, and thus could have led to mixing
of the surrounding air; however, turbulence was not possible to quantify in this study so it
was impossible to determining the role of this process in the final results.
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3.4

Bowen ratio profiles
After calculating potential temperature and specific humidity for all flight days,

Eq. 2.5 was utilized to estimate the Bowen ratio between each 10-m layer from the
surface to 120 m (Fig. 3.25 – 3.30). Each estimate was plotted at the “upper” level height
(i.e., the Bowen ratio at 10 m for all surfaces was dependent on differences in
temperature and humidity between 0 – 10 m).

Figure 3.25

Bowen ratio profiles on September 2 over grass, SCAN site, dense cotton,
and sparse cotton.

Figure 3.26

Bowen ratio profiles on September 4 over grass, SCAN site, dense cotton,
and sparse cotton.
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Figure 3.27

Bowen ratio profiles on September 13 over grass, SCAN site, dense cotton,
and sparse cotton.

Figure 3.28

Bowen ratio profiles on September 18 over grass, SCAN site, dense cotton,
and sparse cotton.
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Figure 3.29

Bowen ratio profiles on September 20 over grass, SCAN site, dense cotton,
and sparse cotton.

Figure 3.30

Bowen ratio profiles on October 4 over grass, SCAN site, dense cotton, and
sparse cotton.

The Bowen ratio profiles over each surface for all flight days were mainly
between -1 and 1, which means that the latent heat flux was larger than the sensible heat
flux over each surface. This was expected because evapotranspiration from the vegetated
surfaces enhances the latent heat flux from the surface to the atmosphere by way of water
exchange. This is important to find since the potential for deep convection increases
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when the latent heat flux increases (i.e., the Bowen ratio approaches 0) (Segal et al.
1995). When warm air rises in a statically unstable environment (which was the condition
during all six flight days), condensation occurs once the air rises to the point of saturation
(a.k.a., the lifting condensation level) leading to cloud formation and latent heat release.
Latent heat warms the surrounding air making the environment more unstable and thus
enhancing thunderstorm development. Since each flight day featured an unstable
boundary layer and the latent heat flux as the dominant energy transport mechanism, the
environments were favorable for convective activity. In fact, scattered shallow cumulus
clouds were present on each flight day; however, there was no thunderstorm activity near
the research site at the time of the flight, which implies that additional convective energy
was needed to generate thunderstorms.
The Bowen ratio profile, especially at 10 m, was generally the highest (closer to
1) over the sparse cotton field and the lowest (closer to 0) over the grass surface. In the
previous section, it was found that the potential temperature over the sparse cotton field
was the highest of the four surfaces and that potential temperature over grass was
typically the lowest. Since sensible heat flux depends on temperature, the sparse cotton
field typically had the highest Bowen ratio at each level compared to the other three
surfaces. On the other hand, the grass generally had the lowest Bowen ratio especially at
0 m since the potential temperature over grass was the lowest due to evapotranspiration.
There were a few Bowen ratio estimates that were either less than -1 or larger
than 1, but these may be slightly exaggerated because the Bowen ratio method is
sensitive to biases in potential temperature and specific humidity measurements (Todd et
al. 2000). For example, the Bowen ratio profile on September 4 over the dense cotton
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field exhibited an estimate less than -1 at the 50 m layer, which was a result of an
increase in potential temperature and decrease in specific humidity between 40 – 50 m.
The potential temperature measurements at 50 m above the dense cotton field had an
outlier to the right of the boxplot and a median skewed slightly to the right. This was
likely due to the consistent high temperature bias of the temperature sensors, which on
this particular flight day (September 4) was the second highest temperature bias (2.16° C)
of the six flight days.
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CHAPTER IV
CONCLUSIONS, LIMITATIONS, & FUTURE WORK
This study investigated the characteristics of the lower boundary layer over four
different agricultural land surface/cover types in east-central Mississippi on six days
during the late stages of the growing season utilizing a small unmanned aerial vehicle
(UAV). The vertical profiles showed a number of significant (p < 0.05) differences in
potential temperature and specific humidity between grass and the SCAN site, dense
cotton, and sparse cotton surfaces from 0 – 120 m above ground level throughout all of
the flight days, indicating considerable variability in vertical sensible and latent heat
fluxes over a small spatial scale. It is suggested that more vegetation coverage increases
the latent heat flux and decreases the Bowen ratio, resulting in lower potential
temperature and higher specific humidity at and above the surface. Although it could not
be quantified in this study, turbulent mixing was likely a factor in the potential
temperature and specific humidity measurements above 0 m since there were a few
unexpected changes (e.g. inversions) in the profiles.
Although results showed reasonable heat flux estimates, the Bowen ratio method
for estimating heat fluxes has its limitations. Since the Bowen ratio is dependent only on
temperature and humidity changes with height, any large changes in either quantity can
result in large changes in Bowen ratio estimates such as over the SCAN site on
September 13. Todd et al. (2000) documented that the Bowen ratio method was sensitive
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to biases in temperature and humidity measurements. In addition, this approach did not
take wind speed into account, which is an important quantity to measure in the boundary
layer. Although flights were conducted on synoptically benign days, the SCAN site
measurements showed higher surface wind speeds than what was shown in the NAM
analysis; therefore, wind likely influenced some of the measurements.
An additional limitation in this study includes Federal Aviation Administration
(FAA) regulations that allowed a vertical limit of 120 m (400 ft), which does not cover
all of the boundary layer. It would have been advantageous to have permission to fly at
higher altitudes such that measurements could cover the entire convective boundary
layer.
Future work is needed to quantify the diurnal and seasonal changes in heat flux
estimates over various crop types in order to evaluate long-term energy balances.
Furthermore, additional weather sensors may improve the quantification of the heat
fluxes by providing other crucial quantities such as wind speed, which could help better
estimate the heat fluxes and turbulence, and carbon dioxide, which could help define the
level of crop productivity associated with the surface heat fluxes.
This study showed that the UAV platform can provide measurements that
represent lower atmospheric conditions and thus reasonable heat flux estimates over four
different surfaces in the lower portion of the boundary layer. Although the UAV was
limited to measuring three atmospheric quantities, the Bowen ratio method allowed for
straightforward estimation of the heat fluxes. The methodology and results presented in
this research can be useful for assessment of surface vegetation stress, as the Bowen ratio
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can be used as an indicator of whether plants are unstressed (e.g. Bowen ratio between -1
and 1) or stressed (e.g. Bowen ratio greater than 1).
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APPENDIX A
NAM MODEL ANALYSIS OF SYNOPTIC ENVIORNMENT
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Figure A.1

Surface pressure/specific humidity, surface pressure/temperature, and
500mb heights/isotachs at 1800 UTC on 9/2/2018.
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Figure A.2

Surface pressure/specific humidity, surface pressure/temperature, and
500mb heights/isotachs at 1800 UTC on 9/4/2018.
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Figure A.3

Surface pressure/specific humidity, surface pressure/temperature, and
500mb heights/isotachs at 1800 UTC on 9/13/2018.
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Figure A.4

Surface pressure/specific humidity, surface pressure/temperature, and
500mb heights/isotachs at 1800 UTC on 9/18/2018.
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Figure A.5

Surface pressure/specific humidity, surface pressure/temperature, and
500mb heights/isotachs at 1800 UTC on 9/20/2018.
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Figure A.6

Surface pressure/specific humidity, surface pressure/temperature, and
500mb heights/isotachs at 1800 UTC on 10/4/2018.
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